Photodissociation of O(2) in the Herzberg continuum. I. Ab initio calculation of potential energy curves and properties by Vroonhoven, M.C.G.N. van & Groenenboom, G.C.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/103951
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
Photodissociation of O2 in the Herzberg continuum. I. Ab initio calculation
of potential energy curves and properties
Mirjam C. G. N. van Vroonhoven and Gerrit C. Groenenboom 
 
Citation: J. Chem. Phys. 116, 1954 (2002); doi: 10.1063/1.1427714 
View online: http://dx.doi.org/10.1063/1.1427714 
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v116/i5 
Published by the AIP Publishing LLC. 
 
Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/ 
Journal Information: http://jcp.aip.org/about/about_the_journal 
Top downloads: http://jcp.aip.org/features/most_downloaded 
Information for Authors: http://jcp.aip.org/authors 
Downloaded 10 Jul 2013 to 131.174.17.241. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
Photodissociation of O2 in the Herzberg continuum. I. Ab initio
calculation of potential energy curves and properties
Mirjam C. G. N. van Vroonhoven and Gerrit C. Groenenbooma)
Institute of Theoretical Chemistry, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen,
The Netherlands
~Received 24 July 2001; accepted 23 October 2001!
We present ab initio complete active space self-consistent-field plus multireference configuration
interaction ~CASSCF1MRCI! potential energy curves for the eight electronically excited ungerade
states of oxygen (A 3Su1 , c 1Su2 , A8 3Du , 1Pu , 3Pu , 5Pu , 5Su2 , and 2 3Su1) that correlate with
the O(3P)1O(3P) dissociation limit. We also report the R-dependent spin–orbit couplings between
these states and the R-dependent radial derivative coupling matrix element ^2 3Su
1u]/]Ru A 3Su
1&.
The near degeneracy in the long range of the same-symmetry states 2 3Su
1 and A 3Su
1 may result
in unphysical mixing of these states in a CASSCF calculation. We derive the correct asymptotic
behavior of these states as dictated by the quadrupole–quadrupole interaction and we show how a
correct long range description of these states can be achieved numerically by employing undistorted
molecular orbitals. Bound state calculations using Herzberg I, II, and III potentials show excellent
agreement with all available spectroscopic data. In the accompanying paper the potentials and
couplings will be employed in a semiclassical study of the photodissociation of O2 in the Herzberg
continuum. © 2002 American Institute of Physics. @DOI: 10.1063/1.1427714#
I. INTRODUCTION
The first step in the formation of ozone (O3) in the at-
mosphere is the photodissociation of O2 .1 Dissociation of
ground state O2(X 3Sg2) occurs in the Herzberg continuum
~200–240 nm! via transitions to the A 3Su
1
, c 1Su
2
, and
A8 3Du states ~the so-called Herzberg I, II, and III transi-
tions!. These three transitions are electric dipole forbidden
and the photoabsorption cross sections are several orders of
magnitude smaller than, e.g., the cross section in the
Schumann–Runge continuum ~below 176 nm! which arises
from an allowed transition. Since the Herzberg continuum is
very weak it allows sunlight to penetrate deep into the atmo-
sphere where the O2 concentration is large. As a result, the
Herzberg transitions lead to 90% of the photodissociation of
O2 in the lower stratosphere and give rise to the Chapman
ozone layer.2,3
In 1998 Buijsse et al.4 constructed a photoabsorption
model based on the latest experimental and theoretical
knowledge of the Herzberg system. This model relies to a
large extent on extrapolation of spectroscopic data for the
Herzberg I, II, and III bands. These bands occur because the
three electronically excited states are weakly bound. Note
that in recent years several experimental studies reinvesti-
gated these bands.5–10 The Herzberg transitions borrow in-
tensity from electric dipole allowed transitions, mainly
through spin–orbit ~SO! interactions in electronic ground
and excited states. The Herzberg I transitions give the largest
contribution to the Herzberg continuum. The dominant chan-
nels involve the A 3Su ,61
1 state ~673% at l5226 nm!,
X 3Sg ,61
2 →
i
B 3Su ,61
2 ↔
SO
A 3Su ,61
1
,
X 3Sg ,01
2 ↔
SO
1 3Pg ,01→
’
A 3Su ,61
1
,
and the A 3S
u ,02
1
state (619% at l5226 nm!
X 3Sg ,61
2 ↔
SO
1 3Pg ,61→
’
A 3S
u ,02
1
,
where the symbols i and ’ refer to the parallel and perpen-
dicular components of the dipole operator. The other transi-
tions contributing to the Herzberg continuum are all perpen-
dicular. A one-photon transition gives rise to an angular
distribution of the photofragments P(u)511bP2(cos u),
where u is the angle between the laser polarization and the
fragment recoil direction and P2 is the second order Leg-
endre polynomial. In the sudden recoil limit the anisotropy
parameter b equals 2 for a parallel transition and 21 for a
perpendicular transition. Thus, Buijsse et al. could validate
their photoabsorption model by determining the overall b
parameter in an ion imaging experiment.
In this experiment4 the atomic fragments were detected
by ~211! REMPI yielding O(3P j52,1,0) fine-structure re-
solved, energy dependent anisotropy parameters b j(E). In
the adiabatic ~low energy! limit all the electronically excited
states involved correlate with the O(3P2)1O(3P2) limit.
However, in the experiment j51 and j50 atomic fragments
were found and furthermore the b j parameters were different
for j52, 1, and 0. This suggests that initially excited states
with different parallel/perpendicular character such as
A 3Su ,61
1 ~b’1.23! and A 3S
u ,02
1 ~b521! have different
atomic fine-structure branching ratios. These branching ra-
tios are determined by transitions that occur, as we will
show, at interatomic distances between RO–O54.5 and 9 a0
a!Author to whom correspondence should be addressed. Electronic mail:
gerritg@theochem.kun.nl
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where the separations between the potential energy curves
correlating with the O(3P)1O(3P) limit are of the same
order as the spin–orbit couplings (’1 mEh). Thus the ex-
perimental results contain information about potentials and
couplings in a region that is difficult to probe with spectro-
scopic techniques. In this paper we present ab initio calcula-
tions of the potentials and couplings for all eight ungerade
states that correlate with the O(3P)1O(3P) limit. The re-
sults are used in a dynamical calculation described in the
accompanying paper,11 where we compare calculated and
measured b j(E) parameters.
In the experiment O2 was prepared in a cold molecular
beam, where the population of the ground state (N51) was
estimated to be at least 75%. Hence, we have ignored rota-
tional couplings. We found, however, that in addition to the
spin–orbit couplings, also the radial nonadiabatic coupling
proportional to the nonadiabatic coupling matrix element
~NACME! ^2 3Su
1u]/]RuA 3Su
1& , which arises from the
nonseparability of electronic and nuclear motion, becomes
important between 4 and 8 a0 . The six ungerade states not
involved in this coupling matrix element are all of different
D‘h symmetry, so all other radial derivative couplings are
zero.
We will show that in the strong interaction region the
CASSCF1MRCI method described in detail in Sec. III gives
very good results by comparing ~in Sec. V! calculated vibra-
tional energy levels and rotational constants with spectro-
scopic data available for the Herzberg bands. However, this
method gives convergence problems in the long range ~see
Sec. III!. Furthermore, when the A 3Su
1 and 2 3Su
1 states
become nearly degenerate in the long range, they do not
approach the correct atomic limit defined in Sec. II, but some
~arbitrary! linear combination. This results in spin–orbit cou-
plings not going to their analytically known long range val-
ues. Therefore we present an alternative procedure for ob-
taining molecular orbitals in the long range, also in Sec. III.
In contrast to the CASSCF based calculations, this procedure
gives the correct long range limit for the spin–orbit cou-
plings. In Sec. II we derive this long range limit using the
atomic spin–orbit coupling constant and angular momentum
theory. We present the derivation in some detail because we
will need the analytic description of the long range behavior
of the electronic wave functions when we employ the ab
initio results in the dynamical calculation in the accompany-
ing paper.11 In particular the relative signs of the couplings
must be consistent. In Sec. IV we present fits of the potential
curves that smoothly connect short range and long range
results, and have the correct asymptotic behavior. We also
present fits for the NACME and spin–orbit couplings. We
will end with some conclusions in Sec. VI. Throughout this
paper we employ atomic units. Note that 1 mEh
5219.474 63 cm21.
II. THEORY
A. Potential energy curves
To describe the photodissociation of O2 , we calculated
potential energy curves for all ungerade electronic states dis-
sociating into two O(3P) atoms. Further we computed nona-
diabatic and spin–orbit couplings between these states. The
total Hamiltonian is given by
Hˆ ~R !5Hˆ coul~R !1Hˆ SO~R !, ~1!
where Hˆ coul(R) is the usual time independent Coulombic
Hamiltonian in the clamped nuclei approximation, Hˆ SO(R) is
the spin–orbit interaction, and R is the internuclear distance.
The potential energy curves ecuLuS(R) and the corresponding
electronic adiabatic Born–Oppenheimer ~ABO! wave func-
tions are defined by
@Hˆ coul~R !2ecuLuS~R !#ucLSS;R&50, ~2!
where L , S, and S are the usual Hund’s case ~a! quantum
numbers. The index c distinguishes between states that be-
long to the same irreducible representation of D‘h and have
the same spin part. All the electronically excited states that
are relevant to our problem are ungerade and we omit this
symmetry label. Upon dissociation into two Russell-
Saunders coupled atoms the ABO wave functions can be
expanded in products of atomic wave functions
ulala&usasa&ulblb&usbsb& , or in coupled atomic states
uLLSS&5uLL&uSS&, ~3!
with
uLL&5 (
lalb
ulala&ulblb&^lalalblbuLL&,
~4!
uSS&5 (
sasb
usasa&usbsb&^sasasbsbuSS&,
where a and b label the atoms, for O(3P) la5lb5sa5sb
51, and la , lb , sa , and sb are the projections of the
atomic angular momenta on the internuclear axis. The sym-
bol ^aabbucg& is a Clebsch–Gordan coefficient. The coupling
of la and lb to L is not strictly necessary, but very conve-
nient, since the ABO states will turn out to correlate in the
long range one-to-one with these coupled atomic states.
If, for a given spin state and L quantum number, only
one coupled atomic state uLLSS& exists it must correlate in
the long range to an ABO state on symmetry grounds. Oth-
erwise, we may construct long range ABO states by consid-
ering the leading interatomic term of the multipole expansion
of Hˆ coul at large internuclear distance.12 To find its matrix
elements we write the interatomic potential part Vˆ of Hˆ coul as
a multipole expansion in spherical tensor form.13 With K
[l11l2 we have
Vˆ 5(
l1l2
~21 ! l2
RK11
F ~2K !!~2l1!!~2l2!!G
1/2
Tˆ K[(
K
Vˆ K , ~5!
with
Tˆ K5 (
m1m2
Qˆ l1m1
(a) Qˆ l2m2
(b) ^l1m1l2m2uK0&, ~6!
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where we assumed the molecule to lie along the z axis. The
Wigner–Eckart theorem relates the matrix elements of the
atomic multipole operator Qˆ l1m1
(a) to the reduced matrix ele-
ment ^laiQˆ l1
(a)i la8&,
^lamauQˆ l1m1
(a) ula8ma8&5~21 ! la2maS la l1 la82ma m1 ma8D
3^laiQˆ l1
(a)i la8&, ~7!
and similarly for atom b. We may also apply the Wigner–
Eckart theorem to the coupled spherical tensor Tˆ K . Using
the expression for its reduced matrix element ~see, e.g., Eq.
5.68 in Ref. 14! we find
^~ lalb!LLuTˆ Ku~ la8lb8!L8L8&
5~21 !2K1L82L8^LLL8,2L8uK0&H la la8 l1lb lb8 l2
L L8 K
J
3A~2L11 !~2L811 !^laiQˆ l1
(a)i la8&^lbiQˆ l2
(b)i lb8&. ~8!
The only permanent multipole moment of an O(3P) atom is
the quadrupole. The leading term of the interatomic potential
is thus the quadrupole–quadrupole interaction Vˆ 5 , with l1
5l252 and K54. The Vˆ 5 matrix elements are given by
^LLSSuVˆ 5uL8L8SS&5R25dL ,L8dL ,L8
3
2A70 Qzz2
3~21 !L2L^LLL ,2Lu40&, ~9!
where we define the quadrupole moment of O(3P) as
Qzz[^10uQˆ 2,0u10&52A 215^1iQˆ 2i1&. ~10!
Thus it turns out that the coupled atomic states correspond to
long range ABO states, because the off-diagonal elements of
V5 are zero. Therefore we will drop the label c and instead
use the notation u(L)LSS;R& for the ABO state computed at
an interatomic distance R that correlates with uLLSS& . In
Table I we give for all ABO states relevant to our problem
the usual spectroscopic notation, the corresponding quantum
numbers L, uLu, and S, and the irreducible representation
labels of D2h , the group in which all numerical calculations
were performed. The transformation between real D2h
adapted states and the complex spherical states u(L)LSS;R&
is given by
u~L !L ,x&5
1
A2~11dL ,0!
@~21 !Lu~L !L;R&
1~21 !Lu~L !2L;R&],
~11!
u~L !L ,y&5
2i
A2~11dL ,0!
@~21 !Lu~L !L;R&
2~21 !Lu~L !2L;R&],
where the spin part of the wave function uSS& has been
omitted on both sides.
B. Spin-orbit coupling
The Breit–Pauli spin–orbit Hamiltonian Hˆ SO(R) is
given by15
Hˆ SO~R !5
gmB
2
c 2
S (
i ,n
Znsˆi lˆi(n)
rin
3 2(i. j
2sˆi lˆj(i)1sˆi lˆi( j)
ri j
3 D . ~12!
In this formula the summation labels i and j indicate elec-
trons and the label n runs over the nuclei. The symbol mB is
the Bohr magneton, c is the speed of light, Zn is the charge of
nucleus n, sˆi is the spin operator for electron i, lˆi
(a) is the
orbital angular momentum of electron i with respect to par-
ticle a ~nucleus or electron!, and rab is the distance between
particles a and b. This Hamiltonian couples ABO states with
the same value of V5L1S. Matrix elements are nonzero for
DV50, DL52DS50,61, DS50,61, g↔g , and u↔u .
From the last two rules follows that we only need to consider
the ungerade states, because the initial excitation is into the
ungerade Herzberg system. Using the Wigner–Eckart theo-
rem, the matrix elements of Hˆ SO(R) can be written as
^~L !LSS;RuHˆ SO~R !u~L8!L8S8S8;R&
5~21 !S2SS S 1 S8
2S m S8
D
3^~L !LS;RiHˆ SO~R !i~L8!L8S8;R&, ~13!
where m5S2S8 and the quantity between brackets is a 3 j
symbol. In the atomic region the spin–orbit coupling is given
by
Hˆ SO~‘!5A~ lˆasˆ a1 lˆbsˆ b!, ~14!
where A is the atomic spin–orbit splitting constant, which
has an experimental value of 20.353 mEh for O(3P)
atoms.16 For R→‘ we may also apply the Wigner–Eckart
theorem to the orbital part to find an explicit expression for
the reduced matrix element in Eq. ~13!,
TABLE I. The labeling and the correlation with the coupled atomic states of
the O2 ungerade excited states. The coefficient c0 denotes the fraction of
l50 atomic substates in the coupled atomic state, which is used in the
BSSE correction, see Eqs. ~17! and ~18!.
State D2h uLuLuS& c0
A 3Su
1 B1u(x) u001& 1/3
2 3Su
1 B1u(x) u201& 2/3
c 1Su
2 Au(y) u100& 0
5Su
2 Au(y) u102& 0
1Pu HB2u~y!B3u~x!J u110& 1/2
3Pu HB2u~y!B3u~x!J u211& 1/2
5Pu HB2u~y!B3u~x!J u112& 1/2
A8 3Du H Au~y!B1u~x!J u221& 0
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^~L !LS;‘iHˆ SO~‘!i~L8!L8S8;‘&
53A~21 !m1L2LS L 1 L8
2L 2m L8
D
3@R~sa ,sb ,S ,S8!R~ la ,lb ,L ,L8!
1R~sb ,sa ,S ,S8!R~ lb ,la ,L ,L8!# , ~15!
where the function R(xa ,xb ,X ,X8) is given in terms of a 6 j
symbol by
R~xa ,xb ,X ,X8!5@~2X11 !~2X811 !xa~xa11 !#1/2
3~21 !xa1xb1X8H xa xa 1X X8 xbJ . ~16!
Equation ~15! can be used to illustrate one of the problems
encountered in the long range with the standard CASSCF
~1MRCI! method to calculate optimized MOs, properties
and molecular energies ~see Sec. III!. If the wave functions
for A 3Su
1 and 2 3Su
1 do not converge to the correct atomic
limits ~with L50 and L52, respectively!, but to an arbitrary
linear combination, then the reduced matrix elements calcu-
lated on basis of these mixed wave functions will also tend to
a linear combination of the values in the correct atomic limit.
III. CALCULATIONS
A. Potential energy curves
All calculations were performed with the MOLPRO17
package. In the short range (R,6 a0) we use the augmented
correlation consistent polarized valence quintuple zeta ~aug-
cc-pV5Z! one-electron basis set.18 The orbitals were opti-
mized with the CASSCF19,20 method. In the calculations we
employ D2h symmetry, but D‘h symmetry is imposed on the
orbitals, using the LQUANT option. The states A8 3Du ,
A 3Su
1
, and 2 3Su
1 appear all in the same B1u irrep of D2h
~in this energy ordering at equilibrium geometry!. The orbit-
als for 2 3Su
1 are obtained in a state averaged calculation
together with the A 3Su
1 and A8 3Du states. The orbitals for
A 3Su
1 and A8 3Du are optimized in a state averaged calcu-
lation of only those two states. All other states are lowest in
their symmetry and are optimized independently. The active
space consists of all 2s and 2p valence orbitals and three
extra bonding @sg ,pu(x ,y)# orbitals. The 1s core orbitals
were fully optimized but kept doubly occupied.
The orbitals were used in an internally contracted multi-
reference configuration interaction ~MRCI!21,22 calculation
with single and double excitations. All configurations that
contribute more than 1% to the CASSCF wave function are
used as reference configurations in the MRCI calculation.
The energies of the A 3Su
1 and A8 3Du states are calculated
in a single calculation, optimizing both states simultaneously.
The energy of the 2 3Su
1 state is obtained by optimizing only
the third B1u state. We applied the Pople size consistency
correction.23 As we will show in Sec. V this method gives
excellent results for the short range part of the potential.
However, for R.6 a0 we encountered three problems
with this method.
~1! Convergence problems occurred in the CASSCF calcu-
lations in some cases.
~2! The reference configuration selection mechanism in the
MRCI calculation results in discontinuities in the poten-
tial curves. The jumps are quite small (;200mEh),
which is fully acceptable in the short range. In the long
range, however, such jumps are not negligible compared
to the interaction energies.
~3! The A 3Su
1 and 2 3Su
1 state did not converge to the cor-
rect atomic limit. For example, the analysis in Sec. II
shows that the SO coupling between A 3Su
1 and 3Pu
should vanish for large R, whereas the reduced matrix
element for the SO coupling between 2 3Su
1 and 3Pu
should be 32A2A . However, at the CASSCF level these
couplings are both nonzero ~see Sec. V! suggesting that
the computed states are linear combinations of the
A 3Su
1 and 2 3Su
1 states. This is of course not too sur-
prising, since these states are of the same symmetry, and
nearly degenerate for large R.
To circumvent these problems we employed a somewhat
different approach for the long range calculations. For these
calculations, we constructed molecular orbitals as fixed lin-
ear combinations of atomic orbitals. For instance, a 2ppx
orbital was constructed as 2px(A)12px(B), etc. The atomic
orbitals were determined in a separate state averaged
CASSCF calculation of the three O(3P) states, which yields
spherical symmetry adapted atomic orbitals. The active space
in these calculations consisted of the 2s and 2p orbitals. In
order to use the MOs in an MRCI calculation they were
orthogonalized, but not optimized. First, core orbitals were
constructed from atomic 1s orbitals. Then, the ‘‘active’’
space was constructed by projecting the core component out
of the 2s/2p valence space. The virtual space was con-
structed as the orthogonal complement of the core and va-
lence spaces. Within each orbital space orthonormal bases
were obtained with Lo¨wdin orthogonalization. In the MRCI
calculation we used the complete active space as reference
space, thus avoiding the discontinuities arising from configu-
ration selection. In Sec. V we will demonstrate that these
undistorted molecular orbital based calculations yield the
correct atomic limit for the SO couplings. For these undis-
torted ‘‘long range’’ calculations we used a slightly smaller
one-electron basis than for the short range. It consists of the
(13s8p) primitive set of van Duijneveldt,24 which was con-
tracted to @5s4p# using the default MOLPRO contraction.25
The primitive set was supplemented with a (6d4 f 2g) even-
tempered set of polarization functions with exponents of the
form a52.5na0 with a050.13, 0.29, and 1.24 for the d, f,
and g functions, respectively, and n50, . . . ,k21 where k is
the number of functions in the set. These polarization func-
tions were contracted to @3d2 f 1g# , again with the standard
MOLPRO contraction. Finally a diffuse s~a50.076 666! and
p~a50.051 556! orbital and the outermost d~a50.13! orbital
were added uncontracted.
B. Basis set superposition error
Extensive literature on van der Waals interactions shows
that the Boys–Bernardi26 counterpoise procedure is an effec-
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tive method to reduce the basis set superposition error
~BSSE!.27 van Mourik et al.28 showed that for chemically
bound diatomic molecules BSSE correction may improve the
convergence behavior of molecular properties with basis set
size, but that the corrected results are not necessarily in bet-
ter agreement with the complete basis set limit than the un-
corrected results. Hence, for the short range we minimized
the BSSE by using a rather large one-electron basis. In the
long range we used a BSSE correction. Note, however, that
strictly speaking the Boys–Bernardi counterpoise procedure
is not defined for a molecule dissociating into open-shell
fragments. An ambiguity arises when the O(3P) atom is cal-
culated in the molecular basis, because the cylinder symme-
try of the molecular basis breaks the spherical symmetry of
the atom. Specifically, the O(3P) states split into l50 and
ulu51 states, where l is the projection of the electronic or-
bital angular momentum on the internuclear axis. Fortu-
nately, in the long range we can estimate the contributions
from the atomic substates to the molecular wave functions
using Eqs. ~3! and ~4!. Thus, we generalized the Boys–
Bernardi counterpoise procedure by defining the atomic en-
ergy for a given molecular state as the weighted average of
the atomic substates, i.e.,
DEa~R !5c0DEl50~R !1~12c0!DE ulu51~R !, ~17!
with, for a molecular state uLLSS&,
c05(
lb
u^la0lblbuLL&u2 ~18!
and similarly for Eb . The value of c0 is listed for all mo-
lecular states in Table I.
C. Couplings
We calculated the radial derivative couplings
^2 3Su
1u]/]RuA 3Su
1& with the two-point finite difference
method (DR50.1 a0) as implemented in MOLPRO at the
CASSCF as well as the CASSCF1MRCI level, and we re-
peated both calculations, using undistorted MOs. In these
calculations we used the complete 2s/2p active space, and
we employed the augmented Duijneveldt basis described
above. In Sec. V we will argue that the results based on the
undistorted long range method are to be preferred.
The spin–orbit matrix elements were calculated at the
CASSCF level, taking into account both one- and two-
electron integrals of the Breit–Pauli operator. Again the ac-
tive space consisted of the 2s/2p orbitals. These calculations
were also repeated using the long range method. As the one-
electron basis we used the uncontracted (12s6p3d) primi-
tive Gaussians from the cc-pVQZ basis,18 since the spin–
orbit integral routines implemented in MOLPRO cannot handle
contracted bases. A test calculation with the s, p, d, and f
orbitals of the aug-cc-pV5Z basis resulted in a change of
about 1%. The spin–orbit matrix elements being related by
the Wigner–Eckart theorem @Eq. ~13!#, we only calculated
the 21 independent reduced matrix elements listed below.
Since the electronic wave functions were calculated sepa-
rately at each geometry, the signs of the reduced matrix ele-
ments were not consistent between the different geometries.
The signs were adapted so that all reduced matrix elements
had smooth curves as function of R, and the same sign for
R510.9 a0 as in the atomic approximation given by Eq.
~15!.
IV. ANALYTIC FIT OF POTENTIALS AND COUPLINGS
A. Potential energy curves
Since we employ different methods in the short range
and long range parts of the potential we must determine a
relative energy shift of the two sets of ab initio points before
we can fit the potential. The slopes of the potentials in the
region where the data sets overlap do not match perfectly.
Therefore, instead of matching the potentials in a single
point, we leave a small gap between the short range and long
range data sets and determine the relative shift by treating it
as a free parameter in the fit. In this way we obtain a smooth
fit. We use the functional form
V~R !5VSR~R !1VLR~R !, ~19!
with
VSR~R !5 (
n50
nmax
(
m51
2
cn ,myne2may, ~20!
where we introduced a shift y5R22.8 for numerical rea-
sons. Furthermore,
VLR~R !5 (
n55,6,8,10
Cn
(LR)
Rn
f n~bR !1V‘ , ~21!
where C5
(LR) accounts for the electrostatic quadrupole–
quadrupole long range part of the potential and C6
(LR)
,
C8
(LR)
, and C10
(LR) for dispersion. The functions f n are Tang–
Toennies damping functions29
f n~x !512e2x (
k50
n
xk
k! . ~22!
We take C5
(LR) from Eq. ~9!, using the quadrupole moment of
O(3P) of Qzz520.944 64 a.u. This quadrupole moment was
calculated with MOLPRO, using a fourth-order finite field cal-
culation ~at field values 62.531024 and 6531024 a.u.!
with the partially spin–restricted open-shell single and
double excitation coupled cluster method30,31 with perturba-
tive triples32 @RCCSD~T!#, employing a sextuple zeta
~aug-cc-pV6Z!33 basis set. We fix the long range coefficient
C6
(LR) to the values listed for the various states by Dalgarno
et al.34 Note that the Qzz value of 20.788 used in that paper
is about 19% smaller than ours. That value was apparently
calculated at the Hartree–Fock level. The long range coeffi-
cients C8
(LR) and C10
(LR) and V‘ are determined in a linear
least squares fit of VLR(R) to the ab initio points in range 3
~given in Table II!, with the damping function set to 1. A
weighting of R8 was used in this fit. After the long range
parameters and V‘ were determined in this way, all other
parameters (cn ,m ,a,b, and the relative energy shift! are
found in a nonlinear least squares fit, with a weighting of R3.
The short range and long range data sets used in this final fit
are given as range 1 and 2 in Table II, which also specifies
the values of nmax . The asymptotic value of the potentials is
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made equal by setting V‘50 for all states. The polynomials
in the exponential part of the fit cause unphysical oscillatory
behavior of the fit when it is extrapolated towards small R.
To ensure physical behavior in the extrapolation we used an
exponential function C8 exp@2a8(R2Rshift8 )# , where C8 and
a8 were chosen so that the value and derivative of this ex-
ponential match with the fitted curve at the innermost data
point ~at Rshift8 ). Fortran routines to evaluate the potential
energy curves can be downloaded from the EPAPS service.35
B. Nonadiabatic coupling
The nonadiabatic coupling as a function of R consists of
a single, somewhat asymmetric peak. The tails of the peak
appear to go to zero faster than a Lorentzian and slower than
a Gaussian function. We obtained a good fit with the func-
tional form
g2,A~R !5
C1
11C$exp@2a1~R2R1!#1exp@a1~R2R1!#%
1
C2
11C$exp@2a2~R2R2!#1exp@a2~R2R2!#%
.
~23!
It has two linear parameters, the peak heights C1 and C2 ,
and five nonlinear parameters, the peak positions R1 and R2 ,
the peak width parameters a1 and a2 , and the parameter C
that influences the shape of the peak. The nonlinear least
squares fit employed a weighting function of ug2,A(R)u21/2,
i.e., a higher weight when the coupling is smaller. This fit
procedure results in a relative error of 0.3% around the
peak maximum. The relative error is smaller than 1% for R
<9 a0 , and increases to 15% for R511.0 a0 , where the
coupling is only about 1% of its maximum. To compare the
magnitude of the nonadiabatic coupling with the magnitude
of the spin–orbit coupling, we have to multiply the nonadia-
batic coupling by the dissociation fragment velocity v ,
which is given by A2E/m , where E is the kinetic energy,
and m is the reduced mass. At the highest experimental dis-
sociation energy ~l5204 nm, see the accompanying paper!
we have an excess kinetic energy of 35 mEh after dissocia-
tion. This corresponds to a fragment velocity of 2.231023
atomic units. At the maximum of the peak of the nonadia-
batic coupling, this corresponds to an energy \v
3^2 3Su
1u]/]RuA 3Su
1&520.43 mEh , which is comparable
to the spin–orbit interaction ~effective spin–orbit splitting
constant A520.36 mEh). At internuclear distances R.9.0
a0 , \v^]/]R&,0.03 mEh , which is much smaller than the
spin–orbit interaction.
C. Spin–orbit coupling
The R dependence of the spin–orbit matrix elements
does not suggest a simple functional form. Therefore we
used cubic spline interpolation, and exponential extrapola-
tion. For extrapolation R→‘ we fitted a function of the form
A1B exp@2a(R2Rend)# through the ‘‘long range method’’
data points with 10.0 <R<Rend510.9 a0 . We determined a
in a nonlinear optimization procedure, fitting the parameters
A and B using linear least squares, with unit weights. The
long range extrapolation was then shifted to pass exactly
through the last data point. For inward extrapolation we fit-
ted an exponential of the form A81B8exp@2.5(R2Rstart)# ,
so that the value in the first data point (Rstart , see Sec. V B!
matched the ‘‘short range method’’ value, and the derivative
in the first data point matched the derivative of the line
connecting the first two data points. The spline is defined by
the extra conditions of the derivatives in the first and last
data points. We used ‘‘long range method’’ data points for
FIG. 1. Calculated potential energy curves for the ungerade states dissoci-
ating to O(3P)1O(3P). Note that the potential axis on the right-hand side
(R>4.5) is scaled with a factor of 50 with respect to the left-hand side of
the figure.
TABLE II. Fit of the potential energy curves. Data points from the ‘‘short
range’’ ~Range 1! and ‘‘long range’’ ~Range 2! calculations used in the fit,
and ‘‘long range’’ method data points ~Range 3! used in the fit of the coef-
ficients C8
(LR) and C10(LR) , are given as R min2Rmax ~in a0), where all points
within the interval ~the given values included! with a grid spacing of 0.1 a0
have been used. The fit error in the short range part is given in the column
headed ‘‘SR error’’ as the maximum absolute error for all points with R
<8.0 a0 . The error in the long range is given in the last column as the
largest relative error in the data points with R.8.0 a0 .
nmax SR error LR error
State Range 1 Range 2 Range 3 (mEh) ~%!
c 1Su
2 2.2–4.5 5.5–10.0 8.0–10.6 6 40 1.2
A8 3Du 2.3–4.5 5.5–8.0 8.4–10.6 6 34 1.6
8.7–10.6
A 3Su
1 2.3–4.5 5.5–10.0 7.0–10.3 6 37 0.8
1Pu 3.0–5.9 7.7–10.3 8.5–10.3 5 35 0.8
3Pu 2.7–5.4 7.5–10.3 7.5–10.3 5 52 0.4
5.7–6.5
5Pu 3.0–6.0 7.5–10.3 8.0–10.3 5 23 1.1
5Su
2 2.6–5.8 7.0–10.6 8.4–10.6 6 65 1.7
2 3Su
1 3.7–4.3 4.6–10.0 7.0–11.0 4 17 0.4
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R>4.5 a0 , and ‘‘short range’’ data points for R<4.0 a0 .
Fortran routines to evaluate the spin–orbit and nonadiabatic
coupling are also available from EPAPS.35
V. RESULTS AND DISCUSSION
A. Potential energy curves
In Fig. 1 we show the fits of the potential energy curves.
In Table III we list the calculated spectroscopic constants
Re , ve , and De , together with experimental36 and
theoretical37 literature values. For the three Herzberg states
agreement of our results with experiment is excellent. For
three of the four weakly bound states (5Su2 ,5Pu ,1Pu) no
experimental data is available. The Re values that we find for
these states are about 0.5 a0 shorter than the values com-
puted by Partridge et al.37 Our calculated Re values are de-
termined by our ‘‘short range’’ calculations which employ a
larger one-electron basis as well as a larger number of active
orbitals than the calculation by Partridge et al. The values
that we find for the De of these weakly bound states in part
depend on choices that were made when merging the short
range and long range results.
The only spectroscopic data on the 3Pu state derives
from its presumed role as perturber of the A 3Su
1 state.7 It
seems that our values for ve and De for this state are too
large, while the results of Partridge seem closer to the ex-
perimental values ~Table III!. However, in the region of R
;527 a0 relevant for the observed v50 and v51 vibra-
tional levels of the 3Pu state, the splittings between the ABO
potentials are comparable to the spin–orbit coupling and one
may not assume Hund’s case ~a! states. Preliminary calcula-
tions that take the SO coupling into account show a much
better agreement with experiment when our potentials and
SO couplings are used. We will analyze this matter in more
detail in a separate paper.38
For the Herzberg states we calculated all the vibrational
energies and rotational constants with the sinc-function dis-
crete variable representation ~sinc DVR! method.39 In Tables
IV, V, and VI we compare our results with the experimental
values of Jenouvrier et al.7 ~where available! and Slanger.36
Almost all errors are less than 1%. The most noticeable ex-
ceptions are the rotational constants of the highest vibra-
tional levels, for which the errors are 1–2 orders of magni-
tude larger than for the other levels. This does not indicate a
serious deficiency of our potentials. In fact, it can easily be
understood because these energy levels are just below the
TABLE III. Spectroscopic constants for the bound states. Experimental values for the Herzberg states are from
Ref. 36 and the experimental values for the 3Pu state are from Ref. 7. Calculated literature values for the
Herzberg and very weakly bound states are from Ref. 37.
Re (a0) ve (mEh) De (mEh)
State Present Expt. Calc. Present Expt. Calc. Present Expt. Calc.
A 3Su
1 2.8735 2.8724 2.880 3.655 3.663 3.563 30.52 30.33 29.55
A8 3Du 2.8602 2.8592 2.867 3.732 3.713 3.590 33.29 33.20 32.38
c 1Su
2 2.8693 2.8610 2.874 3.601 3.631 3.517 40.87 41.00 40.57
5Su
2 5.735 6.24 0.268 0.272 0.199
5Pu 6.168 6.58 0.164 0.160 0.182
3Pu 5.333 fla 5.65 0.422 0.31b 0.27 1.267 0.64 0.873
1Pu 6.876 0.089 0.095
aA value for Re is not given, only r055.84 and r156.65 a0 .
bThis is not ve but DG1/2 .
TABLE IV. Vibrational energies and rotational constants of all experimen-
tally known vibrational levels of the A 3Su1 state, compared with experi-
mental data from Ref. 7 ~where available! and 36.
v G(v) (mEh) Error ~%! B(v) (mEh) Error ~%!
0 1.809 20.31 4.114 20.24
1 5.330 20.26 4.032 20.30
2 8.712 20.25 3.947 20.33
3 11.944 20.25 3.857 20.34
4 15.011 20.26 3.758 20.36
5 17.897 20.29 3.647 20.41
6 20.576 20.34 3.520 20.50
7 23.021 20.43 3.371 20.66
8 25.195 20.54 3.190 20.92
9 27.050 20.68 2.964 21.26
10 28.532 20.82 2.669 21.43
11 29.588 20.83 2.281 20.83
12 30.199 20.41 1.720 130
TABLE V. As Table IV, for the c 1Su2 state.
v G(v) (mEh) Error ~%! B(v) (mEh) Error ~%!
0 1.784 20.82 4.127 20.55
1 5.260 20.85 4.046 20.74
2 8.606 20.85 3.963 20.58
3 11.818 20.86 3.876 20.59
4 14.891 20.87 3.785 20.60
5 17.819 20.87 3.689 20.61
6 20.596 20.88 3.588 20.63
7 23.217 20.89 3.481 20.64
8 25.674 20.90 3.367 20.63
9 27.964 20.90 3.246 20.66
10 30.079 20.90 3.117 20.63
11 32.016 20.89 2.979 20.58
12 33.770 20.87 2.832 20.48
13 35.337 20.84 2.673 20.34
14 36.714 20.80 2.500 20.21
15 37.895 20.75 2.310 0.01
16 38.874 20.70 2.096 0.28
17 39.645 20.63 1.850 1.26
18 40.205 20.51 1.567 5.45
19 40.566 20.32 1.254 8.31
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dissociation limit, so that a small relative error in the vibra-
tional energy may give a huge change in the expectation
value of ^R22&.
In Fig. 2 we show the R dependence of the BSSE:
DEl50(R) and DE ulu51(R) for the method that we used in
the short range ~solid lines! as well as for the method used in
the long range ~dashed lines!. For both methods DEl50(R)
is larger than DE ulu51(R), which is expected since the l50
component of the atomic O(3P) state has two electrons in
the pz orbital ~along the internuclear axis! in the dominant
configuration, compared to one for the ulu51 components.
Also we see that the short range calculation, which employs
a larger one-electron basis gives a smaller BSSE. For the
short range calculations the BSSE is about 1% of the De of
the Herzberg states and we did not correct for this. Around 6
a0 the BSSE for the long range calculation is in the order of
30% of the interaction and we applied the correction given in
Eq. ~17!.
B. Spin–orbit coupling
In Table VII we compare the reduced spin–orbit matrix
elements calculated at R57.5 a0 with the undistorted orbital
method and with our ‘‘short range method.’’ We also list the
asymptotic results corresponding to Aexp520.353 mEh .
Generally, there is good agreement between the two calcu-
lated values and the experimental value, except when either
the A 3Su
1 or the 2 3Su
1 state is involved. In these cases the
results for the ‘‘short range method’’ deviate considerably.
We take this as an indication that the state-averaged
CASSCF method, with the choice of the active space that we
used in the short range, does not properly describe the nearly
degenerate A 3Su
1 and 2 3Su
1 states in the long range.
Clearly, one expects the undistorted orbital method to fail
somewhere in the strong interaction region. Fortunately,
there is a region—as we show in Fig. 3—where both meth-
ods give nearly the same SO couplings, even when the
A 3Su
1 or 2 3Su
1 states are involved. This justifies our pro-
cedure of merging short range and long range results in the
fit of the SO couplings.
In Figs. 4 and 5 we plot all the fits of the reduced matrix
elements. We note that there is a considerable variation of the
SO couplings with R. The fine-structure energy levels of the
A8 3Du ,V state are given by ev ,V5ev ,V521AvLS , where
Av is the effective spin–orbit coupling constant for vibra-
tional level v . It is calculated as the expectation value of the
R-dependent SO coupling (1/2)^vu^(L52)L52,S51,S
51;RuHˆ SO(R)u(L52)L52,S51,S51;R&uv& for the vibra-
tional wave function of level v . Since different vibrational
wave functions probe different R regions, the R dependence
of the SO coupling is reflected in the variation of Av with v .
FIG. 2. The BSSE correction for the short range CASSCF1MRCI ~solid
lines! and long range undistorted orbitals MRCI calculation ~dashed lines!.
The l50 ~1 marks! and l51 ~3 marks! curves refer to atomic substates of
S and P symmetry.
TABLE VI. As Table IV, for the A8 3Du state.
v G(v) (mEh) Error ~%! B(v) (mEh) Error ~%!
0 1.846 0.35 4.153 20.26
1 5.440 0.20 4.073 20.35
2 8.895 0.09 3.990 20.34
3 12.202 20.01 3.902 20.38
4 15.351 20.08 3.806 20.39
5 18.326 20.15 3.701 20.41
6 21.109 20.22 3.582 20.49
7 23.675 20.31 3.445 20.63
8 25.995 20.43 3.284 20.84
9 28.033 20.57 3.091 21.17
10 29.749 20.74 2.852 21.56
11 31.106 20.89 2.562 21.63
12 32.098 20.93 2.224 0.47
13 32.752 20.76 1.826 46.2
TABLE VII. Spin–orbit reduced matrix elements ^(L)uLuS;
RiHˆ SOi(L8)uL8uS8;R& in mEh . Quantum numbers L ,L , and S for bra and
ket states can be found in Table I. The atomic limit is calculated with the
experimental splitting constant A52353 mEh . The calculated values are for
both the calculations for R57.5 a0 . Ab initio calculations were done be-
tween Rstart and 10.9 a0 .
Number bra ket Rstart (a0) Atomic LR method SR method
1 1Pu A8 3Du 2.2 705 725 726
2 1Pu A 3Su
1 2.2 2814 2815 2558
3 1Pu 2 3Su1 3.7 288 355 693
4 3Pu A8 3Du 2.2 611 628 629
5 3Pu A 3Su1 2.2 0 254 2405
6 3Pu 2 3Su1 3.6 2748 2767 2656
7 5Pu A8 3Du 1.6 2789 2811 2813
8 5Pu A 3Su1 1.6 911 911 624
9 5Pu 2 3Su1 3.5 2322 2396 2755
10 3Pu c 1Su2 1.6 499 513 514
11 3Pu 5Su
2 2.1 2558 2574 2575
12 5Pu 5Su
2 2.1 2966 2993 2995
13 1Pu 3Pu 2.2 499 513 511
14 3Pu 3Pu 2.2 2432 2444 2443
15 5Pu 3Pu 1.6 2558 2573 2572
16 5Pu 5Pu 2.2 2966 2994 2991
17 A 3Su
1 c 1Su
2 1.6 2814 2877 21021
18 2 3Su1 c 1Su2 3.6 2576 2532 264
19 A8 3Du A8 3Du 1.8 2864 2889 2887
20 A 3Su1 5Su2 2.2 911 980 1141
21 2 3Su
1 5Su
2 3.8 644 594 71
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In Table VIII we compare the calculated constants Av with
the experimental values from Refs. 36 and 40. Generally, the
deviations from the experimental values are less than 4%.
For v513 the error is somewhat larger, which is of course
consistent with the error found for the rotational constant for
this level. We also compared our SO couplings with all the
couplings between ungerade O2 states that were calculated
by Klotz and Peyerimhoff41 and we found that all the differ-
ences are less than 15 mEh .
At infinite separation, Eq. ~15! relates all reduced spin–
orbit matrix elements to a single atomic SO coupling con-
stant A. We find that A520.3627 mEh reproduces all fitted
values at infinity to within 6.4 mEh , and all nonzero values
within 2%. A least squares fit of the eigenvalues of Aexplˆsˆ
to the experimental atomic fine-structure levels16 gives Aexp
520.353 mEh . Note that the experimental energy levels do
not exactly obey the Lande´ interval rule42,43 due to spin–spin
~and spin–other-orbit! interactions. In particular, E j51
2E j5250.7222 mEh and E j502E j5251.032 mEh , com-
pared to 22Aexp50.706 mEh and 23Aexp51.059 mEh .
Since we do not include spin–spin interactions that cause
violation of the Lande´ interval rule, we cannot expect agree-
ment with experiment to better than about 3%. In Table VII
we also list Rstart , the R value of the innermost data point.
For smaller R, extrapolation has been used.
C. Nonadiabatic coupling
In Fig. 6 we plot the nonadiabatic coupling matrix ele-
ment ^2 3Su
1u]/]RuA 3Su
1&, calculated at the CASSCF
~solid lines! and the MRCI ~dashed lines! level employing
both optimized ~1 marks! and undistorted ~3 marks! orbit-
FIG. 3. Spin–orbit matrix elements ^A 3Su1 ;RiHˆ SOic 1Su2 ;R& ~1 marks!,
^2 3Su
1 ; RiHˆ SOic 1Su
2 ;R& ~3 marks!, and ^3Pu ; RuHˆ SOuc 1Su2 ;R&
~o marks!, calculated with optimized ~solid lines! and undistorted atomic
orbitals ~dashed lines!, and their analytic atomic limits ~dotted lines!.
FIG. 4. Fits of the spin–orbit reduced matrix elements, numbers 1 to 10
from Table VII. The different line types are only to distinguish the different
matrix elements.
FIG. 5. As Fig. 4, numbers 11 to 21.
TABLE VIII. Calculated and experimental ~Refs. 36 and 40! spin–orbit
splitting constants ~in mEh) for the vibrational levels of A8 3Du .
v Av calculation Av experiment Error ~%!
0 20.3363 20.3413 21.47
1 20.3344 20.3401 21.69
2 20.3320 20.3397 22.27
3 20.3292 20.3377 22.52
4 20.3257 20.3351 22.80
5 20.3214 20.3316 23.08
6 20.3161 20.3271 23.38
7 20.3092 20.3211 23.72
8 20.3004 20.3132 24.08
9 20.2891 20.3020 24.29
10 20.2746 20.2860 23.99
11 20.2570 20.2630 22.31
12 20.2371 20.2378 20.28
13 20.2163 20.178 21.5
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als. We find good agreement between these results in the
region R,4 a0 where also the SO couplings match. For the
optimized orbitals we find a very large coupling of –3 a.u. at
R55 a0 . The MRCI calculation, employing these optimized
orbitals gives rather different results, which one may take
again as an indication that the optimized orbitals do not pro-
vide a good description of the A 3Su
1 and 2 3Su
1 states in
this region. By contrast, for the undistorted orbitals the
MRCI results are very similar to the CAS results. In the fit
we used the undistorted orbital CAS results.
VI. CONCLUSION
We performed high level ab initio calculations on the
potential energy curves of several excited ungerade states of
O2 : the Herzberg states c 1Su
2
, A8 3Du , and A 3Su
1 and
the repulsive states 3Pu , 1Pu , 5Su
2
,
5Pu , and 2 3Su
1
. We
also calculated spin–orbit interactions between these states,
and the nonadiabatic coupling matrix element
^2 3Su
1u]/]RuA 3Su
1&. In the long range we used an ap-
proach based on undistorted atomic orbitals, to ensure that
the states approach their correct atomic limit, defined by the
quadrupole–quadrupole interaction, which is the first term in
the multipole expansion of the interatomic potential. We
combined these long range results with CASSCF optimized
orbitals MRCI results employing an aug-cc-pV5Z AO basis.
The resulting curves for the bound states reproduce all ex-
perimentally known vibrational levels within 1%, and rota-
tional constants within 1% for all levels, except the very
highest. The correctness of the atomic limit is necessary to
obtain consistency in the nonadiabatic coupling matrix ele-
ment and the spin–orbit matrix elements, that were also cal-
culated as a function of the internuclear distance R. The
nonadiabatic coupling was calculated in the same one-
electron basis as the potential curves, the spin–orbit interac-
tion in a smaller basis. We estimate the error in the spin–
orbit matrix elements to be about 3%.
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